). Endocytosis may participate in this instability, since migrating full-length form of Spitz (arrow), as well as a small amount of a lower molecular weight product (note cleaved Spitz remained at higher levels after 60 min when endocytosis was blocked in a shibire ts mutant ( Figure 1F ). We obtained the same result with ilomastat (Calbiochem), another broad spectrum metalloprotease background ( Figure 1A) We examined COS cells expressing combinations of Spitz, Star, and Rhomboid-1 to determine the localizamedium at similar levels to a secreted form of Spitz, truncated just N-terminal to its TMD. Rhomboid-1 and tion of these proteins. In addition to GFP-Spitz, we used HA-tagged Rhomboid-1 and myc-tagged Star, which Star-dependent cleavage of Spitz was not COS cellspecific, but could also be induced in a broad range of were functional in the cleavage assay. Spitz was located only in the endoplasmic reticulum (ER) (Figure 2A ), as mammalian cell lines (not shown), as well as in Drosophila S2 cells ( Figure 1C ), which do not express detectable demonstrated by its characteristic perinuclear and reticular staining, and by its colocalization with the ER marker levels of Star or Rhomboid-1 (Schweitzer et al., 1995) . Presumably due to its efficient secretion, we were unprotein disulphide isomerase (PDI). Star had a more complex pattern ( Figure 2B ): it was in the ER, but in able to detect cleaved N-terminally tagged Spitz in cell lysates. However, when Spitz was C-terminally GFP 80%-90% of cells, it was also in the Golgi apparatus and, in about half of these cells, in the plasma membrane. Our tagged, the predicted Rhomboid-1 and Star-dependent cleavage product was apparent in lysates ( Figure 1D ). observation that Star was present in the ER is consistent with its reported localization in the Drosophila oocyte To define the precursor/product relationship of Spitz cleavage in COS cells, a pulse-chase experiment was (Pickup and Banerjee, 1999) . Rhomboid-1 was in the Golgi apparatus ( Figure 2C ), as determined by its coloperformed ( Figure 1E These staining patterns suggest that Star and Spitz need to associate for Spitz to move from the ER into the Golgi, Since Star and Rhomboid-1 are sufficient to induce Spitz cleavage in mammalian cells, they may themselves be but that Star is not essential for subsequent secretion of Spitz. The coexpression of Spitz and Rhomboid-1 sufficient for the proteolysis. Alternatively, they may recruit a mammalian protease. The obvious candidate for had no effect on the localization of either protein ( Figure  2F ). When Spitz, Star, and Rhomboid-1 were coexsuch a protease would be an ADAM family metalloprotease, which have broad specificity and are responsible pressed, Spitz colocalized with Rhomboid in the Golgi apparatus; none was observed at the cell surface (Figfor was constitutively secreted from COS cells by a mechaThese results confirm the cell culture data and imply nism that was sensitive to metalloprotease inhibitors that in Drosophila embryos, Spitz is located solely in (see Figure 1F) ; the addition of Star and/or Rhomboid the ER until Star exports it to the Golgi apparatus, where had no detectable effect either on its secretion or its it acquires O-glycosylation. localization throughout the secretory pathway and at the plasma membrane (not shown).
Requirement for Star-Dependent Relocalization Essential Domains of Spitz Bang and Kintner (2000) analyzed a series of Spitz/TGF␣
The replacement of the TGF␣TMD with that from Spitz (TGF␣:Spi-TM) did not affect its distribution ( Figure 4B ). chimeric proteins and deletions for their ability to acti-prominent ( Figures 4G and 4J) . Therefore, despite the absence of the Spitz cytoplasmic domain, this chimera was relocalized by Star. In contrast, TGF␣ chimeras containing the Spitz cytoplasmic domain were not relocalized by Star (not shown). Together, our results imply that the lumenal domain of Spitz is the primary determinant of relocalization by Star, although a nonessential contribution from the cytoplasmic domain is not ruled out. Spitz TMD Is Sufficient for Rhomboid-1-Induced Cleavage Because those chimeras which reached the cell surface were subject to TACE-dependent cleavage, all cleavage analyses were performed both in the absence and presence of the metalloprotease inhibitor batimastat. Strikingly, the replacement of the TGF␣ TMD with the Spitz TMD was sufficient to render the chimera (TGF␣:Spi-TM) sensitive to Star-independent, Rhomboid-1-promoted cleavage ( Figure 5A ). This cleavage was detectable both in cell lysates (arrow; the amount varied between experiments), and in the medium (although only in the presence of batimastat because of the high level of constitutive secretion of this chimera). Despite demonstrating the sufficiency of the Spitz TMD as a determinant of Rhomboid-1-induced cleavage, TGF␣:Spi-TM cleavage was less efficient than wild-type Spitz, suggesting either that Spitz sequences outside the TMD contribute to the reaction, or that the chimera is in some way structurally compromised.
The TGF␣:Spi-TMC chimera was not cleaved by the Golgi apparatus and occasionally at the cell surface leaving only the 13 membrane-proximal amino acids of ( Figure 5D ). Since it has the Spitz lumenal domain, the cytoplasmic domain) did not compromise this ER Spi:TGF␣-C was relocalized by Star ( Figure 5E ), now retention ( Figure 4E) . occurring prominently at the plasma membrane. ImporThe property of being relocalized by Star did not map tantly, it was efficiently cleaved by Rhomboid-1 even in to a single domain of Spitz. Deletion of the 15 residues the absence of Star ( Figure 5F ). This result demonstrates between the EGF domain and the TMD (Spi-⌬15) rethat efficient Rhomboid-induced proteolysis does not duced the efficiency of relocalization substantially (Figrequire Star as a cofactor. Furthermore, it is consistent ures 4F and 4I). In contrast, removal of only the 8 juxtawith the hypothesis that the Spitz TMD confers Rhommembrane residues did not reduce Star-dependent boid-1 sensitivity.
relocalization (not shown). Removal of the cytoplasmic
Further Analysis of Spitz TMD Requirement C-terminal 53 residues (Spi-⌬53C) also made Star reloThe primacy of the Spitz TMD in conferring Rhomboidcalization less efficient than wild-type ( Figures 4E and 4H) . sensitivity is challenged by Bang and Kintner's failure Another chimera demonstrated that the lumenal domain to detect cleavage of Spi⌬15 (Bang and Kintner, 2000). of Spitz is sufficient for Star-dependent relocalization.
As this construct activated Rhomboid and Star-depenThus, Spi:TGF␣-TMC had a distribution indistinguishdent EGFR signaling in their Xenopus explant assay, it able from TGF␣ (ER, Golgi, some plasma membrane) but suggested that the cleavage of Spitz was not the primary upon coexpression of Star, it was no longer detectable function of Rhomboid-1 and Star. Contrary to these results, in our direct and sensitive assay, Spi-⌬15 cleavage in the ER and the cell surface staining became more Rhomboid-1 can promote cleavage of nonspecific TMDs. Perhaps Star, which did interact with this chimera, has a nonessential role in substrate presentation was detectable in a Rhomboid-1 and Star-dependent to Rhomboid-1. Alternatively, there might be a weak manner ( Figure 5B ). This cleavage was considerably resecondary Rhomboid-1 determinant in the lumenal doduced compared to wild-type Spitz, suggesting a possimain of Spitz. ble explanation for why it was not detected by Bang and Kintner, who relied on an indirect and apparently less sensitive assay for detecting Spitz cleavage. The
The Lumenal Domain of Star Is Required for Its Function cleavage of Spi-⌬15 is insensitive to batimastat, implying that the 15 residues between the membrane and The lumenal domain of Spitz confers sensitivity to Star, so we tested whether the lumenal domain of Star was EGF domain are not essential for Rhomboid-1-induced cleavage. The reduced efficiency of cleavage of this essential for its relocalizing function. Three C-terminal truncations which removed 291, 266, and 47 lumenal construct may be entirely due to its diminished ability to be relocalized by Star ( Figures 4F and 4I) ; alternaamino acids, respectively (Star is a type 2 protein), all abolished the ability of Star to relocalize Spitz signifitively, the juxtamembrane residues may have a nonessential role in Rhomboid-1-induced cleavage. This result cantly from the ER to the Golgi apparatus ( Figures 6A-6C) , to mediate Star-dependent glycosylation of Spitz provides an explanation for a key discrepancy between our conclusions and those of Bang and Kintner.
( Figure 6D, arrow) , and to induce Rhomboid-1-dependent cleavage ( Figure 6D ). All were expressed at normal Our results demonstrate that the Spitz TMD is suffi- Spitz into the Golgi apparatus and the subsequent seAll others removed at least one TMD and were comcretory pathway. The principal interaction between Spitz pletely inactive. These results imply that the core funcand Star occurs between the lumenal domains of the tion of Rhomboid-1-its ability to promote Spitz cleavtwo proteins. Two models can be envisaged: Star could age-resides in the region with the multiple TMDs, not in specifically block the ER retention signal; alternatively, the cytoplasmic N terminus nor the lumenal C terminus.
Star could actively export Spitz from the ER, and in doing so, counteract retention.
Discussion
Drosophila genetics indicates that Star and Rhomboid-1 are both prime regulators of EGF receptor activGenetic analysis has implied that Star and Rhomboid-1 are the primary regulators of Drosophila EGF receptor ity: they both appear to be necessary and they cannot replace each other (Guichard et al., 1999). It has not localization. As described in detail in the results, we have addressed these discrepancies. In brief, (1) the been possible to separate their functions. Our results explain their codependency and synergy, and also proevidence that Rhomboid and Star were not directly involved in Spitz proteolysis was based on the Spi-⌬15 vide a clear mechanistic distinction between them. An important issue is whether Star is necessary for Rhommutant, whose cleavage was not detectable in their assay, which relied on bioactivity of conditioned meboid-1-dependent proteolysis itself, as an enzymatic cofactor. We can rule this out, based on the Spi:TGF␣-C dium; cleavage was readily detectable in our direct and sensitive assay. 
